Introduction {#S0001}
============

Schistosomiasis, mainly caused by *S. mansoni, S. haematobium*, and *S. japonicum*, affects more than 200 million people in many tropical and subtropical areas worldwide. In Ethiopia, *S. mansoni* is common in most parts of the country and the prevalence in endemic areas, such as Kemisse administrative zone in northeastern Ethiopia, reaches up to 69.9%.[@CIT0001]

The infection process by *S. mansoni* has two clinical conditions: an acute stage and a chronic stage. The acute stage, which occurs between 6--8 weeks after infection and before the appearance of *S. mansoni* eggs in the stool, is characterized by febrile illness (katayama fever) and production of inflammatory cytokines, such as TNF-α, IL-1 and IL-6. The chronic stage, which starts after egg-laying at around 12 weeks of infection, may last up to 40 years. This stage is characterized by the production of Th2 cytokines, such as IL-4, IL-5 and IL-13, as well as by long-lasting anti-inflammatory responses by macrophages, which also have a potential to reduce tissues damage caused by the parasite.[@CIT0002]

Previous studies by our group and others showed that soluble products of *S. mansoni* and *Trichurissuis* can modulate the function of dendritic cells (DCs), and polarize T cell responses towards a T cell helper 2 response.[@CIT0003]--[@CIT0005] However, also innate immune cells like monocytes and macrophages are expected to play a major role in the interaction with helminths, as monocytes are the first cells to recognize foreign particles in the blood. Monocyte subsets include classical monocytes, which are regarded to be more pro-inflammatory compared to the non-classical monocytes which display an enhanced patrolling behaviour including a higher motility, and are regarded as anti-inflammatory cells.[@CIT0006] These monocyte subsets can differentiate into specific DC and macrophage subsets that act as antigen-presenting cells and coordinate the innate and adaptive immune reactions. Macrophages display a variety of phenotypes, ranging from a cytotoxic, pro-inflammatory subset (M1) on one side of the spectrum and a wound-healing, anti-inflammatory subset (M2) on the other side.[@CIT0007],[@CIT0008] Pathogenic compounds such as bacterial lipo-polysaccharide (LPS) can initiate the development of M1 macrophages that produce inflammatory cytokines including TNFα, IL-1β, IL-6, IL-12.[@CIT0007] On the other hand, stimuli such as helminthic compounds, or cytokines such as IL-4 or IL-13 can initiate the development of anti-inflammatory (M2) macrophages that express the mannose receptor (MR) and secrete anti-inflammatory mediators including IL-10 and TGF-β.[@CIT0009]

At the nuclear levels also, molecules such as SOCS-1 (suppressor of cytokine signalling), also called SSI-1 (STAT-induced STAT inhibitor-1), initiated by various stimuli, including LPS, IFN-, IL-4, IL-6, and LIF;[@CIT0010]--[@CIT0012] through JAK-STAT pathways. These, in turn, stimulate the expression of nucleic acids and have a negative regulator effect that protects the host from hyperinflammatory reactions, such as endotoxin-induced fatal syndrome which sometimes occurs following infection.[@CIT0013]

Here we report for the first time the effect of helminth infection on monocytes of individuals recruited from Ethiopia, a country where *S. mansoni* is endemic. To validate these observations, we describe the immunological changes that are induced in blood monocytes of healthy individuals, stimulated with *S. mansoni* egg antigens (SEA) and soluble worm compounds (SWA), and the effect of these compounds on the monocyte-to-macrophage differentiation. The changes in monocyte/macrophage phenotype in relation to the suppression of inflammation are discussed.

Materials and Methods {#S0002}
=====================

Isolation of Human Monocyte and Their Differentiation to Macrophages {#S0002-S2001}
--------------------------------------------------------------------

### Collection of Monocytes from Ethiopian Study Participants {#S0002-S2001-S3001}

The study participants from *S. man*soni endemic area kemisse (north-eastern Ethiopia) were recruited by employing a systemic random sampling method. After getting written informed consent, each study participant eligibility for the study assessed by interviewing standardized question (for Inclusion criteria's such as have DM family history, previous GDM; and exclusion criteria's including known DM patient, took anthelminthic treatment before 3 months, have immune-suppressive diseases, such as Tuberculosis, Cancer, and HIV) as well as other risk factors associated questioners.

Then, blood samples were collected from *S. mansoni* is endogenous (15 positive for *S. mansoni* with and without other helminths, 12 positive for one or more intestinal helminths other than *S. mansoni*, and 9 helminth-negative samples, see [Table 1](#T0001){ref-type="table"}). The type of infection was determined by examination of the stool on the presence of helmitheseggs. Approximately 5 g of stool was collected from each individual and two slides prepared using the kato-katz method for microscopic examination of ova at the study site. Subsequently, the slides were analysed at Aklilu Lemma institute of pathobiology (ALIPB) for quality control and establishment of diagnosis. In addition, blood samples were collected from each study participants and transported at room temperature from the collection site to Armauer Hansen Research Institute (AHRI) laboratory in Addis Ababa, and monocytes were isolated within 8 hrs[@CIT0014] as described by Kuijk et al[@CIT0004] In short, peripheral blood mononuclear cells, PBMCs were isolated from total blood by ficoll density gradient centrifugation, and monocytes were isolated from the PBMCs using human CD14 Micro Beads (MACS MilteniBiotec, Germany) according to the manufacturer's manual. The extracted monocytes were snap-frozen and stored at −80°C until analysis.Table 1Overview of Groups of Ethiopian Individuals ± Helminth InfectionsGroups of Ethiopian Individuals ± Helminth Infections*S. mansoni* ± Other HelminthsOther HelminthsNo HelminthsParasiteSexAgeParasiteSexAgeParasiteSexAgeSMF18TNF30--F30SMM15AL+TTM18--F21SMM40AL+TTF24--F34SMM65AL+TTF60--F40SMF30AL+TTF20--F18SM+HWM27AL+TTF50--M22SM+TTF65TTM40--M35SM+TTF50TTF65--M60SM+ALF35ALF25--F45SM+ALF20ALM20SM+ALM15ALM36SM+ALM70ALM30SM+ALF20SM+ALF30SM+ALF18[^1]

Extraction and Activation of Monocytes from Healthy Donors {#S0002-S2002}
----------------------------------------------------------

Monocytes were isolated from buffy coats of healthy blood donors (Sanquin, Amsterdam, the Netherlands), as described above by Kuijk et al.[@CIT0004] The monocytes were incubated (5×10^6^ cells/well) with and without SEA or SWA (20 μg/mL) in 0.5 mL/well RPMI 1640 medium (Invitrogen, USA), supplemented with 10% fetal calf serum (FCS, BioWhittacker, USA) plus glutamine (2 mM, Lonza, Switzerland), penicillin and streptomycin (100 U/mL, BioWhittacker, USA) in 48 well culture plates, in a CO~2~ incubator at 37°C for 24 hrs.

Macrophages were obtained by culturing monocytes (5×10^6^ cells/well) with and without SEA or SWA (20 μg/mL) in 2 mL DMEM medium (Invitrogen, USA), supplemented with 10% FCS (BioWhittacker, USA) plus glutamine (2 mM, Lonza, Switzerland), penicillin and streptomycin (100 U/mL, BioWhittacker, USA), and 5% human serum, in 6-well plates, in a CO~2~ incubator at 37°C for 6 days.

Schistosomamansoni Soluble Egg Antigen (SEA) and Worm Compounds (SWA) {#S0002-S2003}
---------------------------------------------------------------------

*S. mansoni* adult worms were kindly provided by Dr. A. Deelder (Leiden, the Netherlands). The *S. mansoni* soluble egg antigens (SEA), and worm compounds (SWA) were prepared and stored at −80°C, as described by Kuijk et al.[@CIT0004] Endotoxin contamination was determined by Limulus Amoebocyte Lysate assay (Charles River Laboratories, Leiden, NL). Contamination was lower than 1 ng/mL endotoxin for both preparations.

mRNA Extraction, cDNA Synthesis and Quantitative Real-Time PCR (Q-PCR) {#S0002-S2004}
----------------------------------------------------------------------

Monocytes were collected at the time points indicated, and snap-frozen at −80°C. mRNA was extracted using the mRNA capture kit (Roche, Switzerland), and subsequently transcribed into cDNA using the Reverse Transcriptase System Kit (Promega, USA), as described by Garcia-Vallejo et al.[@CIT0015] The synthesized cDNA was stored at −20°C until further analysis. Then, Q-PCR reactions were performed with the SYBR Green method as described by Garcia-Vallejo et al. Oligonucleotides were prepared by using Primer express 2.0 (Applied bioscience, USA) computer software, as shown in [Table 2](#T0002){ref-type="table"}. The Ct value of GADPH was taken as a household reference, and expression of genes of interest was determined by comparing mean fold Ct values of control samples with those of test samples, or relative Ct values were given as indicated.Table 2Oligonucleotide Primers, Designed and Used in the StudyPrimerOligo-Name (Forward, For; Reverse, Rev)Sequence (5′ to 3′)GADPHGAPDH-forCCATGTTCGTCATGGGTGTGGAPDH-revGGTGCTAAGCAGTTGGTGGTGSOCS-1SOCS1-forTGAACTCGCACCTCCTACCTCTSOCS1-revCAACCCCTGGTTTGTGCAAIL-10IL-10 FWCGCTGTCATCGATTTCTTCCCTIL-10 RevAGGCATTCTTCACCTGCTCCACIL-6IL-6 FWAATTCGGTACATCCTCGACGGIL-6 RevGTTTGTTTTCTGCCAGTGCCTIL-12IL-12 FWACCACTCCCAAAACCTGCTGAIL-12 RevTTGTCTGGCCTTCTGGAGCATTGF- betaTGF-beta FWACTATTGCTTCAGCTCCACGGATGF-beta RevAGTCAATGTACAGCTGCCGCAMannose receptor (MR)Mannose receptor FWGTCTTGGGCCACAGGTGAAMannose receptor RevAAGGCGTTTGGATAGCCACATNF-αTNF-α FWTGGAACTGGCAGAAGAGGCACTTNF-α RevCCATAGAACTGATGAGAGGGAGGC

Multiplex Bead Immunoassay {#S0002-S2005}
--------------------------

Multiplex bead immunoassay was employed to measure IL-6, TNFα and IL-10 production from monocytes extracted from healthy donors stimulated with and without SEA/SWA. Cytokines were measured according to Invitrogen's user manual "Human Inflammatory 5-Plex Panel" as previously described.[@CIT0004] In brief, experimental samples were added to 50 µL incubation buffer and a mix of cytokinecoupled beads was added to the plate and incubated for 2 h at room temperature (RT) in the dark while shaking. A mix of biotin-coupled antibodies was prepared according to the protocol and added at 100µL/well followed by 1 h incubation at RT in the dark while shaking. After washing, 100 µL/well streptavidin-PE (SA-PE) was added to the plate and incubated for 15 min at RT while shaking in the dark. Following two washes, the samples were measured by Luminex^®^ 200TM (Bio-Rad, Hercules, CA) and data were analyzed using Bio-plexManagerTM 6.0 software.

Measurement of Cell Movement {#S0002-S2006}
----------------------------

Cell movement of monocytes with and without SEA and SWA (40 μg/mL) was determined by adding 300.000 monocytes in 250 μL RPMI/PSG/10% FCS per well (Ibidi slides 8 wells). Monocytes were allowed to settle for 5 mins and images were taken, at a temperature of 37°C, humidity 60%, and 5% CO~2~ every 5 mins for 10 hrs, by using an Olympus IX 81 motorized inverted microscope (Olympus, Hamburg, Germany) and Cell^®^ software. Then, the video image was analysed using the Image J software from the National Institutes of Health (Bethesda, MD, US).

Statistical Analysis {#S0002-S2007}
--------------------

Statistical analysis was carried out by applying Shapiro--Wilk test of normality and one way ANOVA using SPSS version 20 software with post hoc multiple comparisons tests, and data were considered significant if p≤0.05. Moreover, Graph pad Prism was used to plot graphs with mean and SEM. When using monocytes from healthy donors, data were derived from independent experiments using at least five separate donors.

Ethical Considerations {#S0002-S2008}
----------------------

This study was conducted in accordance with the Declaration of Helsinki. Accordingly, the aim of the study was explained and informed consent obtained from all Ethiopian participants. The study protocol was reviewed and ethical approval obtained from the Institute review board of Addis Ababa University, Institute of Pathobiology, and from the National Ethical Clearance committee, Ethiopia.

Results {#S0003}
=======

Monocytes from Helminth-Infected Individuals Show an Intermediate Activation Phenotype {#S0003-S2001}
--------------------------------------------------------------------------------------

The effect of helminth infection on gene expression in monocytes was studied by extracting monocytes directly from blood samples of Ethiopian study participants with or without a positive egg stool for *S. mansoni*, or other helminths ([Table 1](#T0001){ref-type="table"}). Analysis of the mRNA levels of these monocytes by Q-PCR indicated that individuals with helminth infections showed elevated mRNA levels of SOCS-1, TNF-α, IL-10 and IL-12 as compared with monocytes from the helminth-negative study participants ([Figure 1](#F0001){ref-type="fig"}).Figure 1Gene expression in monocytes isolated from blood samples of Ethiopian individuals either infected or not infected by helminths (see [Table 1](#T0001){ref-type="table"}), as determined by real-time PCR (Q-PCR) using GAPDH as reference gene; helminth infection was established by stool examination. \*Significance is p\<0.05.

Monocytes from Healthy Donors Stimulated with *S. mansoni* SEA Show an Intermediate Activation Phenotype and Enhanced Motility {#S0003-S2002}
------------------------------------------------------------------------------------------------------------------------------

The effect of *S. mansoni* SEA and SWA on monocytes was studied by incubation of monocytes derived from blood samples of Dutch healthy donors. As this study was a continuation investigation on previous studies done in our group on *S. mansoni* and *T. suis* parasites,[@CIT0004],[@CIT0005],[@CIT0016] here also used the effect of the already identified cytokine on monocytes as well in vivo analysis. Accordingly, analysis of the mRNA of these monocytes by Q-PCR indicated that SEA was much more potent than SWA in inducing elevated SOCS-1, IL-10, and IL-12 mRNA levels compared with monocyte control samples ([Figure 2A](#F0002){ref-type="fig"}). Furthermore, the SEA-stimulated monocytes showed enhanced secretion of IL-6, IL-10 and TNF-α as compared to control monocyte samples ([Figure 2B](#F0002){ref-type="fig"}). These data indicate that SEA confers both pro- and anti-inflammatory properties to the monocytes, whereas the SWA induced effects were much more restricted.Figure 2Effect of *S. mansoni* soluble egg antigen (SEA) and soluble worm compounds (SWA) on gene expression, cytokine production, and motility of monocytes of healthy volunteers. (**A**) SOCS-1, IL-10, and IL-12 expression as determined by Q-PCR. Fold induction (FI) of mRNA levels was determined using GAPDH as a reference gene. (**B**) TNF-α, IL-10, and IL-6 cytokine production was determined in culture supernatants using a multiplex bead immunoassay. (**C**) Average motility of monocytes was determined by live-cell imaging. All data are derived from six separate experiments using cells derived from different donors. \*Significance is p\<0.05.

The properties of both SEA and SWA-stimulated monocytes were further defined by investigating their live motility, which can be regarded as a monocyte activation marker associated with a patrolling phenotype.[@CIT0014] Using a live cell imaging approach, we showed that the SEA-treated cells showed both a higher undirected motility and more distance travelled compared to SWA-treated cells and untreated cells ([Figure 2C](#F0002){ref-type="fig"}), suggesting the induction of a patrolling monocyte phenotype by SEA.

Effects of *S. mansoni* SEA on the Differentiation of Monocytes to Macrophages {#S0003-S2003}
------------------------------------------------------------------------------

Monocytes were differentiated into macrophages by culturing them for 6 days in the presence or absence of *S. mansoni* SEA or SWA. In addition, monocytes were not stimulated to differentiate into M0 macrophages, and in some cases stimulated with IL-4 as a control for M2 polarization. The mRNA levels of both pro-inflammatory and anti-inflammatory genes were determined by Q-PCR. The results indicate that SEA, but not SWA, significantly enhanced the mRNA levels of SOCS-1, IL-10, TNF-α, IL-12, and TGF-β, compared to the unstimulated macrophages. These data indicate that the SEA-stimulated macrophages display an intermediate M1-M2 phenotype, as shown in [Figure 3](#F0003){ref-type="fig"}.Figure 3Effect of Schistosome antigens (SEA and SWA) on the expression of inflammatory and anti-inflammatory genes by macrophages, compared to the effect of IL-4 stimulation. Monocytes were cultured in the presence of human serum and SEA or SWA for 6 days and mRNA levels were determined by Q-PCR and expressed as fold-induction (FI) using GAPDH as a reference gene. Data were derived from five separate experiments, using cells from different donors. \*Significance is p\<0.05.**Abbreviation:** MR, mannose receptor.

Discussion {#S0004}
==========

The dual role of parasitic helminths to act as pathogens, and to protect excessive inflammation has raised great interest in the mechanisms by which the worms modulate the human immune system. We here report on the interaction of parasitic helminths with monocytes, which are the initial cells to recognize invading pathogens and upon contact differentiate to dendritic cells and macrophages that orchestrate adaptive responses.[@CIT0016],[@CIT0017]

Here we show that helminths induce an intermediate activation phenotype in monocytes derived from helminth-infected individuals. These data were confirmed in vitro using monocytes from healthy donors stimulated with *S. mansoni* soluble egg antigen (SEA). The most prominent anti-inflammatory properties observed upon stimulation of monocytes with SEA are the upregulation of suppressor of cytokine signalling-1 (SOCS-1), the enhanced expression of IL-10, and their enhanced motility, which reflects a patrolling monocyte phenotype.

SOCS1 is one of the cytokine-inducible SH2-containing, CIS/SOCS family proteins that can down-regulate inflammatory reactions.[@CIT0018],[@CIT0019] SOCS1 negatively regulates JAK/STAT signalling and can also suppress TLR4 signalling via MAPK and NF-κB pathways.[@CIT0018],[@CIT0020] Recently we showed that SEA strongly induces SOCS1 in human dendritic cells.[@CIT0021] In the present study, we demonstrate that monocytes either from Ethiopians infected with helminths (with or without *S. mansoni*), or from healthy donors stimulated by SEA, have significantly higher expression of SOCS-1 compared to control monocytes. In addition, monocytes from Ethiopian study participants infected by helminths (with or without *S. mansoni*) showed a tendency for enhanced production of IL-10, a major immune-regulatory cytokine that has potential in protecting the host from autoimmune reactions,[@CIT0022] compared to non-infected groups. In line with this, SEA-stimulated monocytes from healthy donors showed a significant upregulation of IL-10 production compared with untreated monocytes. This indicates that SEA induces monocytes to have anti-inflammatory properties and triggers the production of regulatory cytokines.

Next to anti-inflammatory properties, helminths seem to confer pro-inflammatory properties to monocytes, although expression levels are low as compared to the levels induced by LPS (data not shown here and displayed in our previous work, ref. \[[@CIT0004]\]). Upregulation of TNFα expression was observed in monocytes of helminth-infected individuals, and SEA significantly induced the expression of TNFα, IL-12 and IL-6 in monocytes of healthy donors. The induction of these inflammatory cytokines may reflect the recent interaction of helminth antigens by monocytes. On the other hand, although IL-6 is known as an inflammatory cytokine, IL-6 can act also like IL-10 in promoting an anti-inflammatory response, for example, in the absence of SOCS-3.[@CIT0023] A study conducted in Ghana indicated that during *S. haematobium* infection, SOCS-3 expression is low;[@CIT0024] thus, we cannot exclude that this may also be the case in monocytes during *S. mansoni* infections, although it should be noted that SEA is reported to induce SOCS-3 expression in dendritic cells.[@CIT0021],[@CIT0025]

During inflammation blood-derived monocytes migrate to the tissues and differentiate into macrophages. To define the phenotype of macrophages derived from *S. mansoni* stimulated monocytes, we analysed the phenotype of macrophages, which were cultured in vitro from *S. mansoni* SEA and SWA-stimulated monocytes from healthy donors. Our data indicate that monocytes stimulated in vitro with SEA develop in a macrophage subset with a pro-inflammatory phenotype, as indicated by elevated transcript levels of TNFα and IL-12. In addition, anti-inflammatory/regulatory properties are enhanced as indicated by an upregulated SOCS1, TGFβ and IL-10 expression, whereas a well-known M2 marker, the MR, was hardly upregulated.[@CIT0021] Remarkably, this phenotype is only acquired by the treatment of the monocytes with SEA, since SWA had a lesser effect on the monocyte/macrophage phenotype.

SOCS1 has previously been attributed to have an important role in macrophage polarization. It has been shown to be up-regulated in M2 macrophages, thereby contributing to their anti-inflammatory properties.[@CIT0020] In addition, in M1 macrophages, SOCS1 was shown to dampen proinflammatory responses.[@CIT0020] Also, IL-10 is an important regulator; in animal studies, IL-4/IL-10 knock out mice die at the early acute stage of *S. mansoni* infection due to the development of severe intestinal and liver pathology.[@CIT0022] The helminth-induced regulatory macrophages may control Th1 cells functions through suppression of production of IFN-γ, the principal cytokine in the development of auto-immune diseases.[@CIT0026] This characteristic feature of Schistosome SEA to induce anti-inflammatory/regulatory properties in human monocytes/macrophages may help to suppress inflammation during autoimmune diseases[@CIT0027] and suggest that SEA, or mimics of the active components, may have a potential to inhibit inflammation in individuals with a high risk for the development of the auto-immune disease. Furthermore, large-scale study, which includes assessing monocyte/macrophage cells skewed towards a pro-inflammatory or anti-inflammatory direction, and Phagocytic and cytotoxicity activity of monocyte or macrophages recommended to consolidating findings of the present study.

Limitation of the Study {#S0005}
=======================

Due to the high prevalence of SM with other helminths together in the study site, the chance of getting only SM stool positive samples was less. Thus, it makes only SM stool positive samples very small in number. Moreover, the prevalence of DM in the area was scarce; so getting individuals having both SM and DM family members was very challenging.
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[^1]: **Notes:** Details of the individuals with regard to age, sex type of helminth infection are indicated. Helminth infections: SM, *Schistosomamansoni*; HW, hookworm; TT, *Trichuristrichuria*; AL, *Ascaris lumbricoides*; TN, *Taenia* spp.
